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Abstract
A GDC-composite was prepared by immersion porous (Ce0.8Gd0.2)O1.9 having a relative density around 65‒70% into molten mixture of carbonates containing 1:1 molar ratio of Li2CO3 and Na2CO3 at 500C for 12 h. Relative density of the composite is close to 100%. In addition, dense GDC oxide without carbonates was heat treated at 1500C that had a relative density near 100% too. At 500C, electrical conductivity and the ionic transference number (ti) of the GDC oxide is 1.54 x 103 Scm1 and 0.994, respectively, electronic conduction can be neglected. Increasing temperature, ti of GDC decreases gradually. Adding carbonates into GDC, electrical conductivity reaches to 1.04 x 101 Scm1 at 500C.  Measuring electrical conductivity of the GDC composite at 490C, after 17 days (400 h), it becomes 5.93(3) x 102 Scm1 and leveling off. GDCcomposite is a potential electrolyte material to be used in the solid oxide fuel cell (SOFC) at temperature lower than 500C.
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1. Introduction 
Solid oxide fuel cells (SOFCs) have been developed rapidly in recent years due to their all solid state component which broadens the application potential. SOFC is a highly efﬁcient power generation system due to its several advantages, such as fuel ﬂexibility and reduced pollution, etc. In general, SOFC framework is based on a sandwiched structure, including dense electrolyte of 8YSZ between two porous electrodes, such as the anode (Ni–YSZ) and the cathode (La1−xSrxMnO3) [15].
The commercially available solid electrolyte (8YSZ) is usually operated at temperatures as high as 800 1000C to obtain the required high ionic conductivity. It may cause the reaction between components of the modules. Thermal degradation or thermal expansion would restrict the fabrication of the SOFCs [6].
Nowadays, reducing the operation temperature of SOFCs to 300600C is tremendously interested because it improves material compatibility effectively, reduces the fabricating cost and prolongs the operating lifetime. Many researchers are attracted to the rare earth doped ceria based (RDC) multi-phase electrolytes due to their excellent performance at lower temperatures (300600C) [7]. For example, Zhu et al. studies many composites, such as, GDCNaCl, GDCNaOH, GDCMCO3 (M = Ca, Ba and Sr), SDCM2CO3 (M = Li, Na and K) [7]. Especially, the SDCNa2CO3 composite has the power density of 2001150 mWcm2 at 300600C. The excellent performance was explained by an interfacial conduction mechanism in the two-phase region which was called the superionic phase. Electronic conduction caused by the reduction of the Ce4+ to Ce3+ above 500C at hydrogen atmosphere can be suppressed effectively by using the operation temperature to 500C or below [8]. Zhu et al. has also studied the conductivity of the SDC carbonate (Li0.62K0.38CO3) composite as a function of the carbonate volume fraction. Conductivity reaches to an optimum with carbonate volume fraction over 30 v%. 
Conductivity of the composite is not only contributed by the O2, but also by the CO32 and H+. The percentage of the O2, CO32 and H+ ion conduction measured by EMF (electromotive force) at 500C are 31%, 67% and 2% and they are 24%, 67% and 9% at 550C, respectively [9]. By using the HebbWagner’s ion- blocking cell to measure the electronic contribution of the SDCcomposite in the temperature range, 500 550C, it was 104 S·cm1 and about 0.1% of the total conductivity so that it is negligible [912].
The oxide carbonate composites were generally prepared by mixing appropriate amount of oxides and carbonates through ball milling or coprecipitation method. Mixture was sintered by 600750C for 0.51 h [2,1315]. This temperature is higher than the decomposing temperature of the 1:1 molar ratio of the Li2CO3 and Na2CO3 mixture. On the other hand, relative density of the composite is probably not dense enough due to the low sintering temperature and short heating period. In this report, different preparation process is employed to avoid the decomposition of the carbonates and to guarantee the obtained GDC carbonate composite is dense enough for using as an electrolyte material. 

2. Experimental 
    Appropriate amount of 99.9% of Gd2O3 (Strem), 99.9% of CeO2 (Strem), Li2CO3 (Merck), Na2CO3 (Merck) and PMMA (poly(methyl methacrylate)) were employed to prepare composite samples in this report. Gd2O3 and CeO2 were weighed and ball milled for 24 h with zirconia balls in acetone for making precursor GDC oxide powder, which was heat treated at 1500°C for 5 h to prepare dense oxide or at 1000C for 10 h to prepare porous material. 1:1 molar ratio of the Li2CO3 and Na2CO3 (LNCO) mixture was ball milled for 24 h. Porous GDC sample is covered by molten LNCO at 500°C for 12 h to allow the carbonates to penetrate into the channels of the porous sample.
    Relative density of the sintered specimens was measured by the Archimedes method using de-ionized water as a liquid medium, but the porous sample was measured by geometry method. Powder diffraction data used for the Rietveld refinement were collected on the BL01C2 beam line at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan. The GSAS (General Structure Analysis System) program developed by Larson and von Dreele was employed for the structural parameters analysis with the Rietveld method [16]. Morphology of the sample was observed with a VEGA\\SBH Scanning Electron Microscope. 
Electrical parameters were determined by the AC impedance spectroscopy (EIS) using a fully automated Autolab PGSTAT30 Potentiostat/Galvanostat system in air in the frequency range from 1 MHz to 1 Hz with a density of 10 points/decade and the excitation amplitude of 50 mV in the temperature range from 300 to 700°C. Pellet samples were measured by a 2-probe method with Pt electrodes and Ag paste. An K-type thermocouple was attached near the sample to measure the temperature. Electromotive forces (EMFs) were measured on an oxygen concentration cell, in which ambient air was employed as a reference and a mixed gas, oxygen and argon, was introduced to another side of the cell. The flow rate were fixed by a mass flow controller to a total rate of 100 sccm. The whole system was allowed to stabilize under each condition before the measurement [17,18].

3. Results and Discussion 
XRD patterns of the GDC and GDCcomposite are shown in Fig. 1. Small diffraction peaks of Li2CO3 and Na2CO3 are marked in the Fig. Their diffraction angles (2θ) calculated with a wavelength of 0.0495941 nm are listed in Table 1. The peaks belonging to the GDC and GDCcomposite are exactly the same that is not influenced by the coexistence of the carbonates. No reaction happens between oxide and carbonates.
Rietveld refinement result of the GDC oxide is shown in Fig. 2. Crosses show the experimental data; solid lines are the calculated profiles. All the possible Bragg diffractions are indicated with short vertical tics below the calculated profiles. The difference between the experimental and calculated results is plotted below the Bragg diffraction tics. Some refinement results are listed in Table 2, the Rwp and Rp obtained are 3.62 and 1.32%, respectively, and the 2 is 3.415. All of them are acceptable and the results are believable. Unit cell a-axis is 5.4237(6) Å. GDC has a fluorite phase.
Morphology of the GDC oxide sintered at 1500C, 1000C and GDCcomposite are shown in Fig. 3. The SEM images were taken on a cross section area of the bulk samples. The pure GDC oxide sintered at 1500C reaches to 99.4% relative density is shown in Fig. 3(a). In order to have more than 30% carbonated volume fraction in composite, porous GDC oxide was prepared by lowering sintering temperature to 1000C, and then allowed the liquefied LNCO carbonates to penetrate into the open channels at 500C. Relative density of the porous GDC oxide is 67.4% shown in Fig. 3(b) and the dense composite has a relative density of 99.6(2)% shown in Fig. 3(c). Relative densities of all samples are listed in Table 3. 
Typical impedance ColeCole plots (Nyquist diagrams) for all samples were obtained by a 2-probe configuration, PtsamplePt, in the ambient pressure. The impedance data of the GDC oxide is interpreted by using an equivalent circuit model of a series connection form (Rg//Cg)(Rgb//Cgb)Ce shown in Fig. 4, where the symbols of g and gb represent grain and grain boundary, respectively. The symbols of R and C in parallel represent the corresponding resistance and the universal capacitance in each contribution [19]. In the impedance plot, the bulk resistance (Rg) appears in the higher frequency semicircle on the left hand side, and the grain boundary resistance (Rgb) is in the lower frequency one on the right hand side. The total resistance is the summation of the grain and grain boundary resistances. The impedance data of the GDCcomposite is interpreted by using an equivalent circuit model of a series connection form Rb(Re//Ce)(Re/e//Ce/e) shown in Fig. 5, where the symbols of b, e and e/e represent the bulk sample, electrode and the interface between electrode and electrolyte, respectively. The total resistance is only the bulk sample (Rb) resistance [1].
Fig. 6 is the Arrhenius plots of the GDC oxide and GDCcomposite. The GDC oxide obeys the Arrhenius equation well, indicating that the ionic diffusion process is thermally activated [20]. The correlation values (R2) found for the GDC oxide is 0.9976, quite close to 1. The Arrhenius plot of the GDCcomposite has three distinct stages including the lower temperature range, approaching and over the melting point (m.p.) of the carbonates. Activation energies for all the sample at different temperature regions are listed in Table 4. In the low temperature region, Ea of the composite is higher than that of the pure oxide. Carbonates contribution to the electrical conduction is apparent. In the medium temperatures, carbonates are approaching their melting point, mobility is greatly increased, Ea increases further. At this stage, the GDCcomposite has a conductivity 2‒3 orders of magnitude higher than that of the GDC oxide. In the high temperature region, carbonates are in the liquid state, activation energy is still required for the electrical transportation. Nevertheless, Ea is small. Electrical conductivity () of the (Ce0.8Gd0.2)O1.9 composite reaches to 101 Scm1, which is high enough for an electrolyte. 
Fig. 7 shows a long-term stability test of the  of the GDCcomposite at 490C. The LNCO melts at about 495C [13‒15] so that the stability test is running at 490C and hope that the carbonates are always in solid state. Initially,  decreases fast, from 0.11 to 0.067 Scm1 after 1 d test and then,  levels off to 0.057  0.02 Scm1 from ea. 100 to 400 h. At this temperature, no electrolyte does probably flow away so that  is kept to a constant. Although the conductivity is slightly smaller than 101 Scm1, GDCcomposite is still a potential electrolyte material being used in the SOFCs at 490C.

4. Conclusions 
Fully dense GDCcomposite was prepared by immersion porous oxide into molten mixture of carbonates and the relative density of the composite is close to 100%, which has electrical conductivity in the 101 Scm1 range at 500C. After long term stability test,  reaches to about 0.06 Scm1 at 490C. In order to use it at solid state,  would be slightly sacrificed.
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8. Figures and Tables

Fig. 1. XRD patterns of the (a) GDC and (b) GDC composite, wavelength of the Xray beam is 0.15418 nm (top) and 0.0495941 nm (bottom).


Fig. 2. Rietveld refinement results of the GDC. The figures include the experimental, calculated, and difference XRD profiles. Crosses are the experi- mental data; solid lines are the calculated profile. All the possible Bragg reflections are indicated with short vertical tics below the calculated profile. The difference between the experimental and calculated results is plotted below the Bragg refraction tics.






Fig.3. SEM patterns of the (a) GDC sintered at 1500C for 10 h, (b) GDC sintered at 1000C for 10 h and (c) GDCcomposite prepared at 500C for 12 h. All the images are in 5000 magnification.
Fig. 4. Complex impedance plots obtained at (■) 500C, 
(●) 525C and (▲) 552C for the GDC. The equivalent circuit model is shown in the figure.
 
Fig. 5. Complex impedance plots obtained at (■) 375C,  
(●) 400C and (▲) 435C for the GDCcomposite. The equivalent circuit model is shown in the figure.


Fig. 6. Arrhenius plots of the total conductivity of the (■) GDC and (□) GDCcomposite. 

Fig. 7. Stability of the electrical conductivity of the       
GDC composite at 490C. 


Table 1 Five main XRD peaks of the Li2CO3 and Na2CO3 (Wavelength of the X-ray beam is 0.0495941 nm.)

Li2CO3	Na2CO3
 6.9o	 8.6o
 9.9o	10.7o
10.2o	11.1o
11.0o	13.6o
11.9o	15.7o


Table 2 Unit cell parameter, χ2, Rp and Rwp of the GDC sintered at 1500C for 10 h

Sample	a-axis (Å)	χ2	Rp (%)	Rwp (%)
GDC	5.4237(6)	3.42	1.32	3.62
Standard deviation is shown in the bracket.


Table 3 Relative densities of the GDC sintered at 1500C, 1000C and GDCcomposite prepared at 500C
 
Sample	Relative density (%)
GDC (1500C)	99.4(2)
GDC (1000C)	67.4(4)
GDCcomposite	99.6(2)
Standard deviations are shown in the brackets.




Table 4 Conductivities, activation energies of the GDC and GDCcomposite

Sample	σ700 (mS·cm–1)	σ500 (mS·cm–1)	Ea (eV)	Temperaturerange (C)
GDC	20.4(2)	2.47(3)	0.83(1)	300700
GDC composite	144(4)	104(2)	1.04(5) 1.53(3) 0.22(1) 	300425425500500700
Standard deviations are shown in the brackets.














